Abstract Protein kinase CK2 plays a critical role in cell growth, proliferation, and suppression of cell death. CK2 is overexpressed, especially in the nuclear compartment, in the majority of cancers, including prostate cancer (PCa). CK2-mediated activation of transcription factor nuclear factor kappa B (NF-jB) p65 is a key step in cellular proliferation, resulting in translocation of NF-jB p65 from the cytoplasm to the nucleus. As CK2 expression and activity are also elevated in benign prostatic hyperplasia (BPH), we sought to increase the knowledge of CK2 function in benign and malignant prostate by examination of the relationships between nuclear CK2 and nuclear NF-jB p65 protein expression. The expression level and localization of CK2a and NF-jB p65 proteins in PCa and BPH tissue specimens was determined. Nuclear CK2a and NF-jB p65 protein levels are significantly higher in PCa compared with BPH, and these proteins are positively correlated with each other in both diseases. Nuclear NF-jB p65 levels correlated with Ki-67 or with cytoplasmic NF-jB p65 expression in BPH, but not in PCa. The findings provide information that combined analysis of CK2a and NF-jB p65 expression in prostate specimens relates to the disease status. Increased nuclear NF-jB p65 expression levels in PCa specifically related to nuclear CK2a levels, indicating a possible CK2-dependent relationship in malignancy. In contrast, nuclear NF-jB p65 protein levels related to both Ki-67 and cytoplasmic NF-jB p65 levels exclusively in BPH, suggesting a potential separate impact for NF-jB p65 function in proliferation for benign disease as opposed to malignant disease.
Introduction
Protein kinase CK2 (previously known as Casein Kinase 2 or II) is a highly conserved and ubiquitous protein Ser/Thr kinase. It is involved in functions related to cell growth, proliferation, and survival, as well as in regulation of cell death. The CK2 holoenzyme is a tetrameric structure with two catalytic subunits (42 kDa a, 38 kDa a 0 ) that are linked through the two regulatory b subunits (28 kDa), with activity toward more than 300 substrates [1, 2] . Consequently, CK2 can affect a diverse range of signaling pathways and influence a variety of cellular functions. CK2 has also been found to play a critical role in many disease conditions, including cancer [3] . It is elevated consistently, predominantly at the protein level, in all the cancer types studied [4, 5] . It is also elevated in normal rapidly proliferating cells. CK2 is localized in the cytoplasmic and nuclear compartments in the cell; however, the nuclear localization of CK2 is significantly enhanced in the cancer phenotype [6] [7] [8] . We originally reported that CK2 dysregulation in cancer cells relates to poor prognosis [6, 9, 10] . This observation has since been confirmed in many types of cancer. Specifically in prostate cancer, CK2a elevation and nuclear localization were related to the Gleason score and poor prognosis [11, 12] . Together, these observations suggested the potential of CK2 as a marker of prostate cancer progression and prognosis; however, CK2 expression is also high in benign prostatic hyperplasia (BPH) [11, 12] . At present, there is little information on the functionality of CK2 in BPH compared with malignant prostate disease. A large number of potential substrates for CK2 have been noted; among them nuclear factor kappa B (NF-jB) p65/ RelA and its inhibitor IjBa are well-established substrate proteins [13] [14] [15] . Importantly, NF-jB plays a critical role in inflammation and the development of malignant phenotype, and its abnormal activation has been reported in many cancers [16] [17] [18] [19] [20] . Typically, NF-jB p65 signal is undetectable to very low in normal prostate tissue and progresses to a predominantly cytosolic signal in BPH, and finally to high level, mainly nuclear signal in PCa which is associated with prognosis [21] [22] [23] [24] [25] . Activated nuclear NF-jB p65 (phospho-S276) expression, indicating canonical NF-jB signaling, from early to late stages was correlated with human BPH progression as well [26] . We have observed that NF-jB p65 phosphorylation, especially on S529, can serve as a surrogate for measuring altered CK2 activity in xenograft models of cancer [27, 28] . These observations are germane to those in breast cancer where it was documented that CK2 played a significant role in promoting aberrant activation of NF-jB in breast cancer pathogenesis and survival of breast cancer cells (e.g., [15, 29, 30] ).
To our knowledge, there are no published reports relating CK2 and NF-jB protein expression in BPH and PCa human tissue samples. Two studies in cultured breast and prostate cells determined that CK2 phosphorylation and the subsequent degradation of IjB-a causes classical NF-jB (e.g., p50/p65) activation through the EGFR2/ HER2 pathway [29, 31] . We examined the coexpression of CK2a and NF-jB p65 proteins in human PCa and BPH specimens to determine how their expression levels in the nuclear compartment relate to one another in the context of benign and malignant proliferative signaling.
Materials and methods

Sample collection
Patients who were on list for the transurethral resection of the prostate (TURP) were recruited for the study. Data were obtained from the records of patients maintained in the Department of Histopathology at the Armed Forces Institute of Pathology, Islamabad, Pakistan. The availability of these data and the protocol followed were approved by the Institutional Ethical Committee. All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. Informed consent was obtained from all individual participants included in the study. All prostate samples were collected from the operation theater of the Armed Forces Institute of Urology (AFIU), Combined Military Hospital (CMH), Rawalpindi, Pakistan. Immediately after the TURP operation, the tissue samples were collected in formalin. The next day, samples were transferred to 10 % buffered formalin for storage until further processing.
Antibodies
The antibodies employed were obtained from Santa Cruz Biotechnology: CK2a (sc-6479; 1:200); Ki-67 (sc-23900; 1:50); NF-jB p65 (sc-109: 1:50).
Immunohistochemistry
Paraffin embedded sections were cut 3-to 4-lm thick. Each section was transferred to positively charged slides with a histogrip coating. Slides were placed in an oven for 1 h at 56°C. Dewaxing was carried out in absolute xylene for 7-10 min. Slides were rehydrated in descending grades of ethanol (absolute, 80 and 70 % for 2-3 min each). Finally slides were dipped in water for complete rehydration. Antigen retrieval was carried out in 109 EDTA ? TRIS antigen retrieval solution at 100°C for 25 min in a decloaking chamber. Hydrogen peroxidase solution (blocking solution) was added for 5 min followed by washing with PBS (3 times, 5 min each). Slides were incubated with primary antibody for 1 h, then secondary antibody was added for 15 min. Streptavidin-HRP was added for 15 min followed by addition of chromogen DAB for 10 min. Slides were washed with distilled water and counter stained with hematoxylin for 1 min. Once staining was completed, slides were dehydrated in ascending grades of alcohol and xylene and were mounted with cover slips coated with DPX mounting media.
Pathology and scoring
Prostate tissue was collected by TURP and processed for formalin fixation and paraffin embedment. Cancer diagnosis and Gleason scores were assigned based on pathologist analysis of H&E stained tissue sections. After staining for CK2a or NF-jB p65, each slide was scored in a blinded manner by three histopathologists using a method similar to a previously published study [11] . For CK2 nuclear and cytoplasmic staining, the range of scores given was from 0 to 3. For NF-jB p65 staining, the score range for nuclear staining which was from 0 to 4 and for cytoplasmic staining which was from 0 to 3. Ki-67 was quantified by two independent pathologists and one scientist by counting the number of positively stained nuclei out of 30 total in five different randomly selected representative sections within the same tissue specimen. The percentage of positive nuclei was calculated.
Image analysis
Immunostained tissue images were captured using a multihead microscope (Olympus BX41, camera model DP 21) with a cellSens (Olympus) digital imaging system. Whole slides were imaged at 9400 magnification. No adjustments were made to the images.
Statistical analysis
Staining scores were analyzed as continuous measurements. Estimated Pearson's correlation coefficients were the same as Spearman's rank order correlation coefficients and therefore were used to test for relationships. Mean differences between PCa and BPH tissue samples were estimated by linear regression analysis. The c-statistic was used as the measure of discrimination of PCa and BPH tissues. DeLongs method was employed to compare c-statistics [32] . Cited p values are not adjusted for the number of comparisons of these two samples of prostate tissues.
Results
Clinical and pathological characteristics of patient samples
A total of 61 patients provided prostate tissue for this study; 30 patients diagnosed with PCa and 31 patients diagnosed with BPH. The mean age of all patients was 69 years (range 28 to 90 years; Table 1 ). All clinical and pathological grades were assigned by three independent histopathologists. For the PCa tissues, the median Gleason score was 7 and ranged from 5 to 9 (8 tissues had a Gleason score B6, and 22 tissues had a Gleason score C7). The presence of lymphovascular invasion was detected in 9 PCa tissue (30 %) and perineural invasion was present in 13 PCa patients (43 %). The percentage of malignant disease prostate tissue was estimated to be B60 % of the tissue in 11 (37 %) and C70 % of the tissue in 19 (63 %) of the patients.
Nuclear expression of CK2a and NF-jB p65 is higher in PCa than BPH tissues
As nuclear localization for both CK2a and for NF-jB p65 protein expression has significance in cancer and in relation to activation, we focused primarily on nuclear expression levels of these two proteins. PCa and BPH tissue sections were stained for the presence of CK2a and NF-jB p65 proteins by immunohistochemical methods. The nuclear and cytoplasmic signals for CK2a and NF-jB p65 were scored in a blinded manner by three histopathologists as described under Materials and methods, and representative staining in BPH and PCa tissues is shown (Fig. 1) . The scores for CK2a and NF-jB p65 staining are presented in Table 2 . Very low levels of CK2a and NF-jB p65 proteins were detected in normal prostate tissue specimens (data not shown). Both CK2a (mean difference 0.50, 95 % CI 0.29-0.72) and NF-jB p65 (mean difference 0.71, 95 % CI 0.27-1.15) nuclear proteins demonstrated higher expression levels in PCa compared with BPH (Fig. 2a, b) . Discrimination of PCa and BPH tissues was not significantly different (p = 0.50) using nuclear CK2a (c-statistic 0.73, 95 % CI 0.61-0.85) or nuclear NF-jB p65 (c-statistic 0.68, 95 % CI 0.56-0.81).
Increased nuclear CK2a expression accounts for the increased nuclear NF-jB p65 levels in PCa
The nuclear protein level of NF-jB p65 was positively correlated with the nuclear protein level of CK2a to the same extent in PCa and BPH tissues (Table 3) . Therefore, the higher nuclear CK2a in PCa may help explain the higher nuclear NF-jB p65 expression in the PCa tissue. Using regression analysis to adjust for the difference in nuclear CK2a, the mean difference in nuclear NF-jB p65 expression between PCa and BPH dropped to 0.39 (p = 0.08, Fig. 2c ) from the previous mean difference of 0.71 (p = 0.002; Fig. 2b ). Furthermore, adding nuclear NF-jB p65 expression did not significantly improve the discrimination of PCa and BPH tissue compared to nuclear CK2a expression alone (c-statistic 0.73, 95 % CI 0.61-0.85 versus 0.76, 95 % CI 0.64-0.88; p = 0.16).
Nuclear NF-jB p65 levels were significantly related to cytoplasmic levels NF-jB p65 in BPH, but not in PCa (Table 3) . Nuclear NF-jB p65 expression did not correlate with cytoplasmic CK2a in either BPH (r = 0.01; p = 0.94) or PCa (r = -0.16; p = 0.40) tissue type.
Nuclear NF-jB p65 expression correlates with Ki-67 in BPH but not in PCa Ki-67 staining, an established marker of proliferation, was markedly higher in PCa compared with BPH tissues (Fig. 3) [33] . The difference in mean percentage of Ki-67 positive cells was 10 % (95 % CI 7-13 %). Proliferation as measured by Ki-67 was related to nuclear NF-jB p65 in BPH, but not in PCa (Table 3) . Proliferation was not related to nuclear CK2a in either BPH (r = 0.04; p = 0.84) or PCa (r = 0.16; p = 0.38) tissues.
CSNK2A1 and RELA mRNAs do not correlate in PCa
We have thus far demonstrated a correlation between nuclear protein expression levels of CK2a and NF-jB p65 in PCa and BPH. We wished to examine whether mRNA expression data for these genes would also correlate in the prostate. As BPH mRNA expression data were not readily [34, 35] . No notable correlation of CSNK2A1 and RELA was observed in primary tumors from two datasets (Fig. 4a, b ) [36, 37] . In metastatic CRPC tissues, there was some indication of positive correlation between CSNK2A1 and RELA transcripts (Fig. 4c ) [38] . In these datasets, from 0 to 2 % and from 0 to 2.7 % of the samples showed amplification, deletion, or mutation of the CSNK2A1 or RELA genes, respectively.
Discussion
CK2 has long been known to be associated with the normal and malignant proliferative processes of cells. CK2 levels in tumor cells relate to the pathological status of the cancer so that CK2 could serve as a potential prognostic factor [7, [9] [10] [11] . However, CK2 is also elevated in benign proliferative conditions such as in the benign prostate growth known as BPH [11] . The comparative functionality of CK2 under conditions of benign versus cancer growth is unclear.
Among the large number of its substrates is NF-jB p65 which is also known to be highly involved in normal and cancer cell biology (e.g., [15, 29, 30] ). Since we have observed that prostate tumors treated with anti-CK2 therapy demonstrate a large reduction in NF-jB p65, we attempted to determine if there were links in the CK2 and NF-jB pathways in human benign and malignant prostate diseases [27, 39, 40] . In our analysis of PCa and BPH tissues, nuclear staining for CK2a and NF-jB p65 were significantly higher in malignant than in benign tissues and were associated together in both tissues. CK2a transcript levels are increased in prostate adenocarcinoma relative to normal prostate tissue by 1.9-2.2-fold [41, 42] . However, our analysis here and published literature to date support the idea that CK2 protein levels and localization are more informative overall in analysis of CK2 function and contribution to proliferative and malignant signaling. Specifically in this study, there was no nuclear CK2 signal detected in 17 of the 31 BPH tissues, as well as no nuclear NF-jB p65 signal in 6 of the BPH tissues. Interestingly, the difference in means and the significance of increased NFjB p65 expression in the nuclear compartment of malignant cells, reflecting activated NF-jB, is notably decreased once the contribution of nuclear CK2a expression is removed. Our findings are in line with previous studies focused on PCa which show that nuclear localization and level of CK2 correlates with the pathogenesis and progression of disease [11] . Published literature also indicates the importance of nuclear NF-jB p65 in association with PCa status [43] and pathogenesis and survival of breast cancer [15, 29, 30] . Thus, the present results support the concept that there is an overall increase in nuclear CK2a and NF-jB p65 protein expression in malignant disease. These analyses add the new information that nuclear CK2a and NF-jB p65 protein expression levels correlate in both disease states, but that the enhanced expression of nuclear CK2a contributes to the increased active NF-jB p65 in PCa.
Ki-67 is a nuclear antigen whose expression levels represent the proliferative state of tissue [44] [45] [46] . Here we showed that Ki-67 levels are significantly increased in PCa compared with BPH. This finding agrees with previous data available on expression of Ki-67 in malignant conditions [33, 47] . However, our data also demonstrated a significant association of nuclear NF-jB p65 expression The number outside the parenthesis represents the number of patient tissues in that score category. The number in parenthesis is the percent of the patient tissues with that score. BPH n = 31. PCa n = 30
with Ki-67 or with cytoplasmic NF-jB p65 in benign disease only. It may be noted that the nature of cell growth in BPH is known to be distinctly different from that in PCa. In BPH, there is a significant involvement of hypertrophic cell growth in addition to hyperplastic growth of epithelial and stromal cells, so that the disease can present itself in multiple forms; in the present work, a distinction on the type of BPH was not made for the various specimens. Multiple factors and pathways, including androgens and estrogens, are implicated in the diverse forms of BPH growth; here, our data support the concept that NF-jB p65 signaling is significantly involved in BPH proliferation [26, 48, 49] . In summary, we have examined the relative expression of CK2a and NF-jB p65 in human BPH and PCa specimens and have observed that the amount of tissue staining for CK2a and NF-jB p65 was much higher in PCa than in BPH. The higher level of nuclear NF-jB p65 in PCa was concordant with the elevated nuclear CK2a. Further, PCa specimens demonstrated higher proliferation than BPH as evidenced by Ki-67 immunostaining of the specimens. Nuclear and cytoplasmic NF-jB and Ki-67 signals correlate in BPH but not in PCa. These various correlations are present at the protein levels and require the ability to Fig. 2 Comparison of CK2a and NF-jB p65 nuclear protein expression levels in BPH and PCa patient tissues. Patient tissues were stained for CK2a and NF-jB p65 and scored for expression levels by three independent pathologists. The mean value and standard error were plotted for BPH (n = 31) versus PCa (n = 30) tissues. p values are indicated on the plots. a CK2a nuclear protein expression. b NF-jB p65 nuclear protein expression. c NF-jB p65 nuclear protein expression with means adjusted for differences in CK2a nuclear protein expression 
